Introduction
Technetium-99 ( 99 Tc) is a -emitting product of nuclear fission and a significant contaminant in effluents from nuclear facilities and sediments affected by legacy wastes from nuclear fuel cycle operations (1) (2) (3) (4) (5) . Technetium has a long half-life of 2.1 × 10 5 years ( 99 Tc) and high environmental mobility as the pertechnetate anion (Tc(VII); TcO 4 -) which dominates in oxic conditions (4) . These factors make the presence of Tc in the environment a matter of ongoing concern. There has been considerable interest in the biogeochemical behavior of technetium in contaminated sediments, as anaerobic bacteria can potentially reduce soluble Tc(VII) to the low-valence, poorly soluble form Tc(IV) (3, (6) (7) (8) (9) (10) . Tc(IV) is expected to form hydrous TcO 2 -like phases or, at very low concentrations, to sorb as Tc(IV) to mineral phases, effectively immobilizing the radionuclide. Reduction can be achieved enzymatically (11) (12) (13) or through indirect mechanisms mediated by Fe(II) and sulfide formed by anaerobic bacteria respiring Fe(III) and sulfate, respectively (3, 6, 8, 11, 14, 15) . Stimulation of anaerobic microbial processes through the controlled addition of electron donor into the subsurface offers considerable potential for the sustained remediation of Tc(VII) in situ (16) . However, despite the obvious interest in harnessing the potential for metalreducing bacteria to reduce Tc(VII) in sediments through biostimulation, many of the studies in the literature have been carried out using 99 Tc with concentrations typically in the 10 -6 molar range. Indeed, there is little information on the effectiveness of bioreduction at the very low concentrations of technetium typically observed at contaminated sites (<1 Bq L -1 or 10 -11 to 10 -12 mol L -1 ). Here, a noninvasive, sensitive, real-time technique utilizing the isotope 99m Tc has been used to probe the effectiveness of technetium immobilization at ca. 10 -12 molar concentrations in sediments primed for the reduction of Tc(VII). This will explore the potential for in situ bioremediation strategies at in situ Tc concentrations.
The imaging of 10 -12 mol L -1 Tc is common in medical imaging applications (4, 17) using 99m Tc, an isomer state of 99 Tc with a half-life of only 6 h. This short-lived isotope has also been used as a conservative tracer in hydrological and civil engineering experiments (18) (19) (20) (21) (22) but has not yet been applied to bioremediation studies. In sediment environments, indigenous anaerobic microbial communities and associated changes in mineralogy and geochemistry potentially have a profound impact on technetium mobility (3, (6) (7) (8) 15) . The aim of this study was therefore to use γ-camera imaging of 99m Tc migration through biostimulated heterogeneous sediment columns, combined with geochemical, mineralogical, and microbial characterization of the sediments to identify the links between geomicrobiological activity and the mobility of the radionuclide over a range of environmentally relevant concentrations from 10 -4 to 10 -12 mol L -1 .
Experimental Section
Safety. 99 Tc is a radioactive beta-emitter (half-life 2.13 × 10 5 years; Emax ) 294 keV) and should be handled in a properly equipped radiochemistry laboratory. The possession and use of radioactive materials is subject to statutory controls.
Microcosm and Sediment Column Construction. Sediments were obtained from the U.S. Department of Energy (DoE) Environmental Remediation Sciences Division (ERSD, formerly NABIR) Field Research Center (FRC) located in Oak Ridge, Tennessee. This extensively studied site is contaminated with a range of organic and inorganic pollutants including radionuclides derived from the Y-12 plant that were disposed of in waste ponds over a ca. 30 year period (for more details on the site and sampling locations, and a comprehensive list of publications, please refer to http:// www.esd.ornl.gov/orifrc/). Our study used sediments collected anoxically from below the water table in the background area (uncontaminated and located approximately 4 km from the source area) and in the contaminated Area 2 (located approximately 250 m from the source of the major contaminant plume). The sediments are unconsolidated, clay-rich saprolite, comprising interbedded shale, siltstone, and limestone, with high porosity and low permeability.
Sediment microcosms were prepared anaerobically using 10 g of FRC background area sediment (homogenized from core collected at 3-3.3 m depth in borehole FB610 located near well FW301) and 50 mL of basal freshwater medium (23) in triplicate 100 mL serum bottles. Bottles were amended with 10 mM acetate to stimulate bioreduction and incubated in the dark for 64 days at 20°C. Triplicate oxic controls were also prepared. In addition, biogenic magnetite microcosms were prepared by adding resting cells of Geobacter sulfurreducens to basal freshwater medium containing 50 mM poorly crystalline iron oxide and incubating for 14 days (24, 25) .
To visualize the transport of 99m Tc-associated activity through a redox zoned sediment column in real time, columns were constructed under aerobic conditions using sediment from FRC contaminated Area 2 which was homogenized from core material collected at 6.7-7 m depth in borehole FB073 near well FW203. Sediment was slurried 1:1 (w/v) with circumneutral basal freshwater medium and packed into glass columns (length, 9 cm; I/D 1 cm; volume, 7 cm 3 ) blocked at one end with glass wool. The sediment slurry had been amended with 50 mM Na-acetate as an electron donor to stimulate Fe(III)-reduction, and the final saturated porosity was ca. 0.3 mL of water per mL of sediment. Columns were incubated in the dark at room temperature until visual inspection showed development of a gray-green coloration characteristic of biological Fe(III)-reduction in the lower part of the column, indicating the development of a redox gradient (∼21°C, 6 weeks).
γ-Camera Imaging of 99m Tc-Associated Activity. Columns and microcosms were transported to the Manchester Royal Infirmary (UK) for imaging with a GE Millennium Multi-Purpose Rectangular (MPR) field γ-camera (GE Medical Systems, Milwaukee, WI) with a high-resolution collimator (2 mm holes, accuracy of ( 0.5 cm). Sealed microcosms were spiked with 0.1 mL of deionized water containing 10 MBq of 99m Tc activity as pertechnetate (final concentration ca. 10 pM). Columns were injected with 0.5 mL of deionized water containing ca. 25 MBq (spike concentration 2.5 nM) of 99m Tc through a rubber septum in a T-piece opening into the column fluid headspace. Columns were pumped with circumneutral N 2 sparged basal freshwater medium at a flow rate of 7 mL hr -1 to deliver the 99m Tc spike into the column. After injection, gamma camera images of both microcosms and column experiments were taken at 20 min intervals for the first hour and then at hourly intervals until 14.5 h. With a total packed sediment volume of 7 mL, and a saturated porosity of 0.3 mL of water per mL of sediment, 47 pore volumes of basal freshwater medium (100 mL) passed through the column during the experiment. Once imaging was complete, samples were stored at 4°C for 5 days to allow 99m Tc to decay to background levels. Count data analysis and export of images from γ-camera data acquisition were conducted using Xeleris workstation imaging software (GE Medical Systems, Milwaukee, WI). Count data from vertical sections through the center of each column for hourly time points were decay corrected.
Analysis of Sediment Chemistry and Microbiology. Following γ-camera analysis and 99m Tc decay, columns were sealed in an oxygen-free environment at -80°C. When frozen, columns were placed within an argon filled box (oxygen free), and the frozen sediment core was split into horizontal sections of ca. 0.7 cm under argon gas using a band saw. These sediment "discs" were subsequently analyzed for geochemical parameters and molecular (DNA) markers. Weak acid (0.51 HCl) extractable Fe(II) and total Fe(III) concentrations were measured spectrophotometrically in triplicate using the ferrozine assay (Supporting Information Table SI-4 notes; 26, 27) .
DNA was extracted from the sediment column at depths of 0.7, 2.1, 3.4, and 9 cm (the bottom of the sediment column) using a PowerSoil DNA Isolation kit (Mo Bio Laboratories, Inc., CA). Nucleic acids were resuspended in sterile, nucleasefree water and stored at -20°C until analysis. To assess the diversity of the bacterial communities present within sediment zones, a conserved region of the 16S rRNA gene was amplified by PCR. Primers used in this study are summarized in Table SI-3. Initial use of the primers 8F orward (28, 29) and 519R everse (30) yielded no product utilizing a range of PCR regimes. Consequently, a nested PCR was undertaken using the primers (a) 8F and 1492R (29) and then (b) 530F (31) and 943R (32) as follows: (i) 95°C for 5 min; (ii) 35 cycles of 95°C for 30 s, either (a) 57.4°C or (b) 62.9°C for 30 s, and then 72°C for 5 min, (iii) 72°C for 10 min. PCR was also undertaken to assess the genetic diversity of the Fe(III)-reducing family Geobacteraceae using the 16S rRNA gene primers GEO494F (33) and GEO825R (34) as follows: (i) 95°C for 5 min; (ii) 35 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and then (iii) 72°C for 3 min. The presence of amplification products was verified by electrophoresis in 1% agarose gels, stained with ethidium bromide. PCR products were purified using a QIAQuick Purification kit (Qiagen Ltd., Crawley, UK) and cloned into a pCR2.1 vector, using a TA Cloning kit (Invitrogen Ltd., Paisley, UK) and competent Escherichia coli cells (One Shot TOP10, Invitrogen Ltd.), according to manufacturers instructions. Approximately 30 recombinant clones were selected by ampicillin resistance and blue/white colony screening before the presence of the 16S rRNA gene fragment was verified by PCR and agarose gel electrophoresis. Clones were separated into Operational-Taxonomic-Units (OTUs) based upon the similarity of Restriction-Fragment-Length-Polymorphism (RFLP) profiles prepared using the restriction endonucleases Sau3A1 and Msp1, and sequenced as described previously (6, 7) . Sequences were analyzed against the NCBI (USA) nucleotide-nucleotide BLAST database (http://www.ncbi.nlm.nih.gov) and matched to known 16S rRNA sequences (35) . Sequences have been submitted to the NCBI GenBank database (accession numbers EF113250-EF113299, Tables SI-1 and SI-2).
To assess changes in the numbers of Fe(III)-reducing bacteria affiliated with the family Geobacteraceae, qPCR was undertaken using appropriate primers (GEO494F (33) and GEO825R (34)). A standard curve for the qPCR reaction was created by plotting the cycle threshold values of the qPCR performed on a dilution series of DNA obtained from Geobacter sulfurreducens (GenBank Accession Number U13928) against the log of DNA template concentration. Dilution series concentrations ranging from 2 ng µL -1 to 0.2 pg µL -1 , were analyzed in triplicate and had an R 2 value of 0.87. PCR amplification was performed in triplicate on a Stratagene MX3000P qPCR machine using 0.15 µM of each primer and qPCR SYBR Green Master Mix (Stratagene) with an initial step of 94°C for 10 min followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. A dissociation curve was run between 94 and 58°C to check primer specificity. Cycle threshold was determined automatically.
TEM Imaging, EDX Elemental Mapping, and XAS Analysis. Electron microscopy and spectroscopic analysis were undertaken on parallel samples labeled with much higher 99 Tc concentrations to compliment the γ-camera imaging data, and to probe the fate of technetium within reduced sediments at a molecular scale. FRC sediments (1 g wet weight) from Area 2 were prereduced in batch experiments in the presence of 2 mL of basal freshwater medium containing 20 mM acetate. After 1 month of incubation at room temperature, 101 ( 4% of the sediment bound Fe was present as acid extractable Fe(II) as determined by ferrozine analyses (26, 27) . Approximately 20 mg of prereduced FRC sediment in 50 µL of basal freshwater medium was then transferred under anaerobic conditions, reacted with 60 kBq (15 µM) ammonium pertechnetate, and left for 2 weeks after which time ca. 25% of the Tc had been removed from solution. After reaction, TEM specimens were prepared by washing samples twice in deoxygenated ethanol to dehydrate them, resin embedding by washing twice more using 100% PR white resin T, and finally adding resin and curing the samples at 70°C for 24 h. The Tc-containing sediment was thin-sectioned to a thickness of 70-100 nm using an ultramicrotome and then mounted onto a standard TEM support grid. Specimens were examined using a Philips CM200 field emission gun scanning TEM fitted with an ultrathin window energy dispersive X-ray detector (Oxford Instruments ISIS EDX) to determine the distribution of Tc and Fe in the sample. Tc L and Tc K peaks were used for data analysis. Though the K peak is definitive for Tc it only provided a weak signal; the L peak was stronger but showed a potential interference with the S peak. Analysis of the sediment samples showed no detectable S in the elemental scans, thus the maps prepared using both the Tc L and K peaks are representative of Tc-rich areas in the sample.
X-ray absorption spectroscopy (XAS) was used to investigate the redox state and coordination environment of Tc in the samples, which were prepared and analyzed using methods detailed in previous studies (7, 10) . Briefly, ca. 1 g wet weight samples of FRC column sediments in 10 mL of basal freshwater medium were spiked with ca. 0.14 mM 99 Tc (85 kBq) and incubated until ca. 99% of the Tc had been removed from solution as measured using scintillation counting. The samples were frozen until mounted for analysis in anoxic sediment holders, transported to the Daresbury Synchrotron Radiation Source, and analyzed using X-ray absorption near edge structure (XANES; 4-8 scans). Data analysis was identical to that described in previous work (10, 36, 37) .
Error Analysis. Unless otherwise noted, samples were analyzed in triplicate; error shown is standard error.
Results and Discussion
Visualization of 99m Tc-Sediment Interactions in Batch Experiments. To determine if a 99m Tc tracer solution could be used to image interactions between the radionuclide and Fe(II)-bearing mineral phases within the time-scales required for biogeochemical experiments, 10 MBq 99m Tc was injected into sealed anoxic bottles to give a final concentration of 10 × 10 -12 M 99m Tc (Figure 1) . The bottles contained slurries of oxidized and biologically reduced sediment from the US DoE Oak Ridge FRC site ( Figure 1A and B) , or a control Fe(II)bearing mineral phase (biogenic magnetite, Figure 1C ), known to reduce and precipitate Tc abiotically (38, 39) . The biologically reduced sediment (10 g of sediment in 50 mL of suspension) was prepared by the addition of 10 mM acetate as an electron donor (as described previously (10)) and contained 50 mmol Fe(II) kg -1 sediment slurry (measured using the ferrozine assay; 26, 27) . The biogenic magnetite was prepared by reduction of synthetic poorly crystalline ferric oxide by Geobacter sulfurreducens (24, 25) and contained approximately 30 mmol Fe(II) kg -1 mineral slurry. The 99m Tc added to the magnetite sample was removed from solution quickly and concentrated with the mineral phase, which collected at the bottom of the bottle rapidly, and was clearly visible in the first γ-camera image ( Figure 1C ). Approximately 85% of the 99m Tc was associated with the magnetite within only 5 min incubation and ca. 95% 99m Tc was removed by 14.5 h. This was consistent with the expected rapid and efficient reduction of Tc(VII) by magnetite, to form Tc(IV) which likely sorbs to the magnetite at this low concentration. Similarly, 99m Tc was concentrated in the solid phase of the prereduced FRC sediment, though not as rapidly or to the same extent ( Figure 1B ). This suggested that sediment bound Fe(II) could also reduce and immobilize 99m Tc(VII) at picomolar concentrations over a 14 h time scale. In the bioreduced FRC sediments, approximately 56% of the 99m Tc was removed by the sediment in the first few minutes of the experiment with 90% removal after 14.5 h. In contrast, the 99m Tc remained evenly distributed throughout the aqueous and sediment phases of an oxic FRC sediment slurry control, which contained no significant Fe(II) ( Figure 1A) .
Visualization of 99m Tc Migration in Heterogeneous Sediment Columns. Visual inspection of sediment columns incubated with basal freshwater medium containing 50 mM acetate for 6 weeks showed the development of a redox gradient. A reddy brown colored, ferruginous oxic zone (ca. 1.5 cm deep) was present at the top of the sediment columns, and a gray-green zone formed below this suggesting active Fe(III) reduction was occurring ((40); Figure 2A ). Channels from gas (for example CO 2 or N 2 ) produced during incubation were observed in acetate-enriched columns.
Following the addition of an aliquot of 99m Tc (25 MBq) pumped through the columns at a rate of 7 mL hr -1 , γ-camera images showed a rapid passage of technetium through the oxic zone and retention of activity in the reduced zone ( Figure  2B and C). Technetium was retained in the reduced zone even after 47 pore volumes of water had flushed through the column. Within 4 h, a hotspot of 99m Tc activity was observed directly at the interface of the oxic and reduced sediment zones of the columns and it extended downward along channels in the sediment. By the end of the experiment (14.5 h), ca. 86% of the original 99m Tc was retained within the reduced zones of the sediment columns ( Figure 2) . The other ca. 14% of the 99m Tc spike was accounted for in the effluents.
Mineralogical, Geochemical and Microbiological Analyses of Columns. At the end of the experiment (14.5 h), the sediment columns were sectioned and analyzed across the redox boundary between depths of 1 and 6 cm where technetium accumulation occurred. This was to identify the biogeochemical controls underpinning localized concentrations of 99m Tc within the sediment. The pH in column discs was circumneutral, and geochemical analyses of Fe speciation using the ferrozine assay (26, 41) found no extractable Fe(II) detectable in the oxic sediment zones. Higher concentrations of up to 38 ( 7 mmol kg -1 Fe(II) were observed deeper in the 50 mM acetate enriched column (Figure 3 ). High Tc counts were significantly correlated with elevated Fe(II) concentrations (R 2 ) 0.76; n ) 8). Interestingly, in a parallel column experiment conducted under similar flow conditions but with less acetate (10 mM), Fe(III) reduction was only partially stimulated, with only 16 ( 2 mmol kg -1 Fe(II) measured at depth. In this partially reduced sediment column technetium retention was only ca. 39% compared to ca. 86% in the more reduced system. In the 50 mM acetate column, the concentrations of total extractable Fe (Fe(III) + Fe(II)) also increased with sediment depth (Figure 3) , possibly a consequence of Fe-rich particles being transported down the core over time. Furthermore, Tc accumulated along the channels produced by gas genesis during column incubation, suggesting that in field conditions with similar channeled flow, there is still potential for immobilization of Tc providing that the sediments are Fe(III)reducing.
Changes in the composition and structure of the microbial communities in the acetate-amended columns were examined to determine which organisms might be driving the geochemical processes leading to reduction and immobilization of Tc (Figure 4 , Table SI-1) . Analyses using broad specificity primers for bacterial 16S rRNA genes suggested that R-and -proteobacteria dominated, including relatives of the known nitrate-reducing bacterium Azoarcus sp. HA (Clone GL TCA1), which were abundant throughout the sediment column. The addition of acetate is known to stimulate the growth and activity of members of this genus under denitrifying conditions (42) and they are also capable of degrading a wide-range of aromatic compounds, including toluene (43) , an organic cocontaminant in FRC sediments. Within the deeper, anoxic, Fe(II)-bearing zone of the sediment column (g3.4 cm), close relatives of Fe(III)-reducing organ- isms such as Geothrix sp., Anaeromyxobacter sp., and Geobacter sp. were detected, which have previously been identified in FRC sediments (10, 44, 45) . Prior studies have shown the addition of acetate stimulates both the growth and activity of Geobacter (46) , increasing their capability to immobilize technetium in sediments via both direct and indirect mechanisms (11) . More recently, Marshall et al. (47) documented, for the first time, the (Fe(II)-mediated) reduction of pertechnetate by Anaeromyxobacter strain 2CP-C. This organism contains an assortment of genes encoding redox associated proteins, including c-type cytochromes (48), efficient reductases for both Fe(II) and Tc(VII) in a number of different bacteria (49, 50) . Organisms closely related to this strain (clone GL_TCD8 shares 98.8% sequence similarity, across 735 bp) were only detected within the Fe(II)-bearing zone of the sediment. To correlate the abundance of putative Fe(III)-reducing bacteria with Fe(II) concentrations and 99m Tc activity in the sediment columns, we used qPCR to target members of the family Geobacteraceae, a commonly studied group of organisms associated with metal cycling in freshwater environments, and in particular the reduction of Fe(III) to Fe(II). This confirmed the increased abundance of Geobacter-primed DNA in the deeper sediment zones. Concentrations of Geobacter primed DNA were very low in the upper, oxic portion of the sediment column ( Figure 3 ). Within the zone nearest to the sediment surface (i.e., e 2.1 cm), 98% of the Operational Taxonomic Units (OTUs) detected with these Geobacteraceae targeted primers were most closely related to a Pelobacter species (clone GL TCGEO1; see Table SI -2), which lacks the abundant c-type cytochromes found in other Geobacteraceae (51) . This organism also comprised a significant proportion of the OTUs deeper in the sediment column, up to 35% of clones at depths g3.4 cm. However, with increasing depth, the proportion of close relatives of Geobacter sp. increased. These organisms comprised 54% of OTUs at 3.4 cm depth and 65% of OTUs at the bottom of the sediment column, and included close relatives of G. metallireducens, G. humireducens, and G. chapellii. The increased abundance of Geobacteraceae in parts of the column that had elevated Fe(II) concentrations and 99m Tc activity further highlights the potential importance of members of this family in controlling the mobility of Tc within sediments contaminated with the radionuclide.
TEM and XAS analyses. To probe the fate of Tc within FRC sediments driven to Fe(III)-reducing conditions by the addition of 20 mM acetate, microcosms in parallel experiments were challenged with higher concentrations of 99 Tc(VII) to allow direct spectroscopic analysis. Samples analyzed using transmission electron microscopy (TEM) with an energy dispersive X-ray detector showed an association of Tc with Fe-bearing mineral phases ( Figure 5 ). Similar studies using electron energy-loss spectrometry (EELS) with Tc-spiked, Fe(III)-reducing estuarine sediments, also showed association of Tc with Fe(II), although we were unable to speciate the Fe in these FRC samples using this technique (unpublished data). However, X-ray absorption spectroscopy (XAS) analyses did allow us to determine the oxidation state of the immobilized technetium in the FRC sediments. Here, almost all (99%) of the Tc was removed from solution, and XANES analyses showed the sediment bound technetium was predominantly present as Tc(IV) ( Figure SI-1) , consistent with previous results (10, 37) . It is important to note that the Tc concentration in the samples analyzed by TEM and XAS was up to 8 orders of magnitude greater than that used in the tracer column study, confirming that sediments that have undergone biogenic Fe(III)-reduction are capable of reducing technetium mobility over a broad range of concentrations.
Implications for the Application of γ-Camera Imaging. Despite their obvious potential for noninvasive monitoring at very low concentrations, nuclear imaging techniques have not been used to address the biogeochemical behavior of priority radionuclide contaminants. This study has demonstrated the potential for this technique to provide real time information on the mobility of technetium. When used in combination with geochemical, mineralogical, and microbiological techniques, γ-camera imaging of the fate of Tc(VII) has helped confirm that the biostimulation of Fe(III)-reducing bacteria is an effective mechanism for immobilizing the radionuclide in sediments, presumably by reduction to Tc(IV) over a broad concentration range. The precise mechanism of the rapid and efficient Tc immobilization noted in these column experiments at ultratrace concentrations is unclear, since a number of mechanisms could be operating simultaneously within the heterogeneous microenvironments present. Anaerobic bacteria, including Fe(III)-reducers have the potential to reduce Tc(VII) by enzymatic mechanisms (11, 13, 14) , or abiotically via biogenic Fe(II) (3, 8, 11) . Indeed, a variety of Fe(II)-containing minerals, including Fe(OH) 2 , chlorite, siderite, and magnetite, are known to reduce Tc(VII) very efficiently (8, 11, 37, 39, 52, 53) . On balance, an indirect mechanism mediated via biogenic Fe(II) is likely in our experiments given the rapid removal (<5 min) of 99m Tc into the layers of prereduced sediment where ferrous iron had accumulated. In addition to the localization of Tc and Fe(II) within the column experiments, the concentrations of radionuclide used were far below those thought to be recognized efficiently by hydrogenases (54) or other enzymatic systems. Finally, it is worth noting that the isotope used for imaging ( 99m Tc(VII)) is used as a conservative tracer in hydrological studies (18) (19) (20) (21) (22) 55) . Given the very strong interactions of 99m Tc(VII) with Fe(II), results from such studies should be interpreted with care, especially if they involve subsurface zones where Fe(II) may be present.
In addition to monitoring the transport and behavior of Tc in real time, there are many other potential applications of γ-camera imaging in biogeochemical studies. The relatively short half-life of 99m Tc (6 h) reduces the risk of human and environmental exposure to harmful levels of radiation, while when properly handled, high-energy γ radiation enables detection of the radionuclides at ultratrace concentrations. Other γ-emitting radionuclides that could be imaged as geochemical analogues for environmentally relevant pollutants include mercury ( 203 Hg or possibly 197 Hg), chromium ( 51 Cr), cobalt ( 57 Co), and iodine ( 123 I). Positron-emitting radionuclides that potentially may be imaged but require a much more expensive positron emission tomography (PET) scanner to detect them include copper ( 64 Cu) and fluorine ( 18 F). Additionally, compounds labeled with radioisotopes such as 99m Tc or 123 I could be used to examine the environmental behavior of many organic pollutants. In summary, the combination of approaches afforded by γ-camera imaging of the type described here are currently underused but offer a potentially valuable, noninvasive tool for imaging ultratrace pollutant mobility in sediments and, in combination with geomicrobiological techniques, provides a unique insight into the behavior of technetium in the environment. Table SI -3 (summary of sequencing primers used for PCR reactions in this study), and Table SI-4 (Fe(II) and Fe(tot) concentration data for column experiment). This material is available free of charge via the Internet at http:// pubs.acs.org.
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